1. Introduction {#sec1}
===============

Gas drainage from a coal seam is one of the important measures to prevent coal and gas outburst in the process of coal mining.^[@ref1]−[@ref5]^ However, due to low permeability of the coal seam, gas drainage often fails to achieve the expected effect; therefore, some necessary measures have to be taken to destroy the coal body for improving permeability, and deep-hole blasting is one of the commonly used methods to increase the permeability of the coal seam.^[@ref6],[@ref7]^ During the deep-hole blasting process in the coal seam, high-pressure gas impacts the coal body instantaneously, which makes the coal body to produce a fracture network and effectively increase the permeability of the coal seam.^[@ref8]−[@ref10]^ However, the blast wave decays very fast in the coal seam, which leads to the decrease of impact loads and a small damage degree at far positions. Therefore, the permeability at different distances from the blasting center is greatly different after blasting. According to the effect of blasting impact, the coal body is divided into three zones: crushing zone, cracking zone, and vibration zone. In the vibration zone, the coal body under the impact is in the elastic state and the structure of the coal body does not change after blasting. In the crushing zone, the coal body is completely destroyed. In the cracking zone, the structure of the coal body is damaged by blasting shock waves to form macroscopic or microscopic fissures, and in the far area of cracks, although blasting does not lead to visible cracks, it has a damaging effect on the coal body, which is equivalent to the impact of the low strain rate on the coal body. At the same time, after a long geological change, there are abundant bedding and cleat structures in the coal seam, which causes the permeability and mechanical properties of the coal body to show anisotropic characteristics, partly.^[@ref11],[@ref12]^ During the deep-hole blasting process, the blast wave will cause different damage degrees of coal structure in different directions, which leads to a great difference in enhancing the permeability. Therefore, it has great engineering significance for the reasonable arrangement of blasting holes and extraction holes by developing the impact resistance and permeability change characteristics of structural anisotropic coal in different bedding directions under different impact loads.

It is very difficult to test different impact loads and permeabilities in a coal seam blasted in situ. Therefore, the impact and permeability tests have to be carried out in the laboratory using a split Hopkinson pressure bar (SHPB) device and a gas permeability instrument. The horizontal SHPB device is usually used to carry out the dynamic mechanical tests with strain rates ranging from 10^1^ to 10^3^ s^--1^, which is mostly concentrated in ranges of the medium strain rate (10^1^--10^2^ s^--1^) and high strain rate (10^2^--10^4^ s^--1^),^[@ref13]−[@ref15]^ and after impact, the coal samples are always broken and cannot be tested for permeability. Therefore, the self-developed vertical SHPB device was used to impact the coal samples with a low strain rate (\<10^1^ s^--1^), which can guarantee the integrity of coal samples for the next permeability test. Of course, the small impact loads represent the farther positions of deep-hole blasting in a coal seam.

Many scholars have done a lot of research on the anisotropic permeability of the coal seam and believed that the permeability of coal samples is the largest in parallel to the bedding direction.^[@ref16]−[@ref20]^ Yan et al.^[@ref16]^ also pointed out that the permeability of coal samples in perpendicular to the bedding direction is the smallest and the permeability of coal samples in oblique to the bedding direction is between those of in parallel and perpendicular to the bedding direction. Yue et al.^[@ref21]^ conducted underground in situ measurement of the borehole influence radius within 200 days and modeled the influence radius evolvement around borehole in an anisotropy coal seam. The underground in situ measurement revealed an anisotropy feature of the borehole influence radius associated with coal bedding and cleat structures. Ten permeability measurements of coal show that the permeability of coal in parallel to the bedding plane in the butt cleat direction is higher than that in perpendicular to the bedding plane. Chen et al.^[@ref22],[@ref23]^ studied the influence of mechanical and permeability properties of coal samples with different intersection angles in parallel and perpendicular to the bedding direction on the process of full stress--strain. Wang et al.^[@ref24]^ tested the permeability under the effective stress of 3.5--8.5 MPa, and the results show that the permeability of coal samples decreases exponentially with an increase in effective stress and the dimensionless permeability in parallel to the bedding direction is larger than that in perpendicular to the bedding direction. Yang et al.^[@ref25]^ tested the anisotropic permeability of coal samples with different intersection angles (θ) in parallel to the bedding direction, and the results that the permeability decreases nonlinearly with an increase in intersection angles (θ) and the relationship between the permeability and θ can be quantified by the exponential model of the anisotropic parameter λ.

Although many useful achievements have been made in the research on anisotropic permeability of coal seams,^[@ref26]−[@ref28]^ the anisotropic permeability of coal samples under impact load is rarely reported. Therefore, to explore the permeability of the crack zone in a structural anisotropic coal seam after deep-hole blasting, different dynamic impact tests are carried out for coal samples with different coring directions by a self-developed vertical SHPB device and then the permeabilities of the above-impacted coal samples are measured. Finally, the calculation model is established to describe the permeability characteristics of coal seams in different directions. The test flow chart is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Test flow chart.](ao0c00269_0001){#fig1}

2. Methodology {#sec2}
==============

2.1. Coal Sample Preparation {#sec2.1}
----------------------------

The samples used in this experiment are all primary structural coal, which were taken from 3\# coal seam of Yangquan No. 2 coal mine, China, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The metamorphic degree of coal is anthracite. The water content, ash content, and volatile matter of the coal sample are 1.27, 18.46, and 9.34%, respectively. The consistent coefficient of coal samples by the drop hammer method is 1.21. The bedding of the coal body is obvious, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b. The coal samples are prepared in three different directions (*X*, *Y*, and *Z*) from coal blocks, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d. Sample ①, the *X* direction is parallel to the bedding plane; sample ②, the *Y* direction is perpendicular to the bedding plane; and sample ③, the *Z* direction is oblique 45° to the bedding plane. The end face and circumference of coal samples shall be precisely processed and polished so that the unevenness and perpendicularity both of coal samples are less than 0.02 mm.

![Yangquan No. 2 coal mine: (a) Geographical coordinates of the mine and (b) coal-bearing stratigraphic column of the mine.](ao0c00269_0004){#fig2}

![Preparation of coal samples: (a) coal bedding structure, (b) enlarged drawing of the coal sample surface, (c) coal block after coring, (d) coring direction, and (e) part of coal samples.](ao0c00269_0005){#fig3}

The prepared coal samples are 50 mm in diameter and 50 mm in height, and a part of coal samples is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e. There are 45 coal samples, which are divided into three groups, and in each direction, there are 15 coal samples for five different impact tests.

The quasi-static mechanical properties of the coal samples were measured by a SANS CMT5305 electronic universal testing machine. The uniaxial compression, point load splitting, and variable angle shear tests, the elastic modulus *E*, Poisson's ratio μ, uniaxial compressive strength σ~c~, uniaxial tensile strength σ~t~, shear strength τ~f~, and internal friction angle φ of the standard-sized coal samples are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Mechanical Property Parameters of Coal Samples in Different Bedding Directions

  direction                            ρ (g/cm^3^)   *E* (GPa)   μ       σ~c~ (MPa)   σ~t~ (MPa)   τ~f~ (MPa)   φ (deg)
  ------------------------------------ ------------- ----------- ------- ------------ ------------ ------------ ---------
  perpendicular to the bedding plane   1.417         3.772       0.295   25.37        1.273        7.41         20.35
  oblique 45° to the bedding plane     1.415         3.812       0.327   13.13        1.096        7.216        18.79
  parallel to the bedding plane        1.422         3.978       0.333   14.82        0.985        7.165        17.92

2.2. Dynamic Impact Test of Coal Samples {#sec2.2}
----------------------------------------

### 2.2.1. Experimental System and Device {#sec2.2.1}

The self-developed vertical SHPB device is used to determine the dynamic mechanical properties of coal samples. The principle of this device is similar to that of a horizontal SHPB device. The difference is that the driving device changes from the original pneumatic loading to the gravity impact loading. The main reason for not using the horizontal SHPB device is that when the loading speed is larger, the bullet exit speed of the SHPB device is very stable, but when the loading speed is smaller, the bullet exit speed is prone to deviation, and the air pressure of the bullet exit chamber has a minimum value. The vertical SHPB device occupies a small area and does not need high-pressure gas, which is superior to the traditional SHPB device in safety and economy.

The dynamic test device is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, which is mainly composed of an impact bar (bullet) 4, an incident bar 5, a transmission bar 9, an absorbing bar 10, a damper 11, a jack 12, a clamp holder 6 (as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d), a supporting device 7 (as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), and a strain gauge 13. During the test, the impact load can be adjusted by the height of the falling bullet. The diameter and length of the bullet are 50 and 30 mm, respectively. Both the incident bar and the transmission bar are equal-section steel bars with a diameter of 50 mm and a length of 1000 mm. The diameter and length of the absorbing bar are 50 and 700 mm, respectively.

![Self-developed vertical SHPB device: (a) schematic diagram, (b) impact test system, (c) partially enlarged drawing of the supporting device, (d) partially enlarged drawing of the clamp holder, and (e) Dh8302-1 dynamic tester.](ao0c00269_0006){#fig4}

The test operations and attention are shown as follows: (1) The generator 1 lifts the steel wire rope 3, and when the bullet reaches a certain height, it is released freely in the acceleration conduit 2 and impacts the incident bar after obtaining a certain speed. (2) At the moment of impact, the strain gauge 13 on the incident bar and the transmission bar immediately collects the pulse signal that is transmitted to the Dh8302-1 dynamic tester (as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). (3) After the clamper 6 is powered on, the confining pressure applied to the incident bar 5, the transmission bar 9, and the absorbing bar 10 can be adjusted until the confining pressure is increased to the maximum so that all of the bars are in a fixed state before and after the impact. (4) The function of the supporting device 7 is to adjust the perpendicularity of the bars so that the bar and the samples are on the same vertical line to ensure the accuracy of the test results.

### 2.2.2. Experimental Principle {#sec2.2.2}

The parameters of the steel bar used in the test are tested and calculated with relevant equipment. The density is 7850 kg/m^3^, the elastic modulus is 210 GPa, and the speed of wave propagation in the steel bar is 5.19 km/s.

The impact velocity (*v*) of the bullet is calculated according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}where *g* is the acceleration of gravity, 9.8 m/s^2^, and *H* is the height of the free-falling bullet's center of gravity.

In this paper, five free-falling heights (*H*) are 0.25, 0.40, 0.55, 0.70, and 0.85 m, and the impact velocities calculated by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} are 2.21, 2.8, 3.28, 3.7, and 4.08 m/s.

The impulse of the bullet is calculated according to the momentum theorem of [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}where *F* is the resultant force of all external forces including gravity, N; *t* is the impact time, s; *m* is the mass of the bullet, kg; and *v* and *v*~0~ are the end velocity and initial velocity of the object motion, m/s, respectively. According to the impact velocity obtained from [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, the different impulses under different *H*'s can be obtained, as listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Impact Test Parameters

  impact height (m)   coal sample number   impact velocity (m/s)   impulse (kg·m/s)
  ------------------- -------------------- ----------------------- ------------------
  0.25                X1-1, X1-2, X1-3     2.21                    10.21
  Y1-1, Y1-2, Y1-3                                                 
  Z1-1, Z1-2, Z1-3                                                 
  0.4                 X2-1, X2-2, X2-3     2.8                     12.94
  Y2-1, Y2-2, Y2-3                                                 
  Z2-1, Z2-2, Z2-3                                                 
  0.55                X3-1, X3-2, X3-3     3.28                    15.16
  Y3-1, Y3-2, Y3-3                                                 
  Z3-1, Z3-2, Z3-3                                                 
  0.7                 X4-1, X4-2, X4-3     3.7                     17.1
  Y4-1, Y4-2, Y4-3                                                 
  Z4-1, Z4-2, Z4-3                                                 
  0.85                X5-1, X5-2, X5-3     4.08                    18.86
  Y5-1, Y5-2, Y5-3                                                 
  Z5-1, Z5-2, Z5-3                                                 

Based on the assumption of one-dimensional stress, the waveforms of the incident wave, reflected wave, and transmitted wave are obtained by a Dh8302-1 dynamic tester. The strain rate, strain, and stress in the coal samples are calculated according to the simplified "three-wave equation", and the stress--strain curves of the coal samples under different strain rates are drawn to obtain the dynamic mechanical properties. The simplified equations are as followswhere ε̇(*t*) is the loading strain rate of coal samples, s^--1^; ε(*t*) is the strain of coal samples, %; σ(*t*) is the loading stress of coal samples, MPa; ε~r~(*t*) and ε~t~(*t*) are the reflected wave strain and transmitted wave strain in the compression bar, respectively, %; *E* is the elastic modulus of the compression bar; *C* is the wave velocity of the compression bar, km/s; *A* is the cross-sectional area of the compression bar, m^2^; *A*~0~ is the cross-sectional area of the test sample, m^2^; and *L*~0~ is the length of the test sample, mm.

2.3. Anisotropic Permeability Test of Coal Samples {#sec2.3}
--------------------------------------------------

### 2.3.1. Test Device {#sec2.3.1}

The permeability test of coal samples was carried out by a TC-III multilayer superimposed gas reservoir joint development simulation device. The test system is mainly composed of a coal sample holder, a stress loading system, a vacuum degassing system, an inflation system, a temperature control system, and a data acquisition system. The test system is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, and the main performance parameters are listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}.

![Schematic diagram of the permeability test system.](ao0c00269_0007){#fig5}

###### Performance Parameters of the Test System

  parameter                      test range  accuracy
  ----------------------------- ------------ ----------
  temperature (°C)               --20--100   ±0.01
  axial compression (MPa)          0--50     ±0.25%
  confining pressure (MPa)         0--50     ±0.25%
  flowmeter range (mL/min)         0--500    ±0.01
  displacement pressure (MPa)      0--15     ±0.1

### 2.3.2. Test Method {#sec2.3.2}

(1)Put the prepared coal sample into the coal sample holder for sealing treatment.(2)Vacuum degas for more than 12 h to eliminate the error caused by gas impurity to the test.(3)Adjust the constant-temperature device to carry out the test process in a constant-temperature environment of 28 °C.(4)Use the manual high-pressure pump in the stress loading system to load the coal samples to the set confining pressure.(5)When gas is introduced into the coal sample and the change in the adsorption pressure is less than 0.01 MPa within 2 h, the gas is considered to reach the adsorption equilibrium.(6)Open the gas outlet end of the coal samples until the gas seepage reaches a stable state and measure the gas pressure and flow rate.(7)Replace other coal samples, repeat the above steps, and complete all coal sample tests.

### 2.3.3. Test Principle for Permeability {#sec2.3.3}

In the experiment, the Darcy steady-flow method is used to measure the permeability of coal samples, and the gas flow rate in coal samples at a steady state is measured under different gas pressure conditions. The average permeability (*K*) of coal samples is calculated according to the gas flow rate and the pressure difference at both inlet and outlet ends of coal samples. The expression iswhere *Q*~0~ is the gas seepage flow under the standard condition, cm^3^/s; *P*~0~ is the standard atmospheric pressure, Pa; μ is the gas dynamic viscosity, Pa·s; *L* is the length of the coal samples, cm; *P*~1~ and *P*~2~ are the gas inlet and outlet pressures of the coal samples, respectively, Pa; and *S* is the cross-sectional area of the coal samples, cm^2^.

According to the buried depth of the coal samples (about 400 m) and the condition of the overlying strata, the test confining pressure is 8 MPa and the axial pressure is 3.5 MPa (the lateral pressure coefficient is 0.43).

3. Results and Discussion {#sec3}
=========================

3.1. Coal Impact Test Results and Analysis {#sec3.1}
------------------------------------------

According to [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}--[5](#eq5){ref-type="disp-formula"}, the dynamic peak stress of coal samples was obtained in parallel to the bedding direction, perpendicular to the bedding direction, and oblique 45° to the bedding direction under different impact heights, which is presented in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. It can be seen from [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} that the strain rates of coal samples after the impact are concentrated in the range of low and medium strain rates. It can be seen from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} that the dynamic peak stress of coal samples is the largest in perpendicular to the bedding direction and the lowest in oblique 45° to the bedding direction under any impact loads. With an increase in impact height, the dynamic peak stress of coal samples increases gradually, which shows a linear growth relationship, and the fitting coefficient is above 0.98.

![Peak stress of coal samples in different directions under different impact loads.](ao0c00269_0008){#fig6}

###### Data Summary of Coal Samples in Different Directions under Different Impulses

          *X* direction   *Y* direction   *Z* direction                                                
  ------- --------------- --------------- --------------- -------- -------- -------- -------- -------- --------
  10.21   X1-1            5.306           8.017           Y1-1     7.225    10.087   Z1-1     4.472    7.561
  X1-2    5.701           8.454           Y1-2            6.909    9.534    Z1-2     4.638    8.044    
  X1-3    5.715           9.576           Y1-3            7.098    9.015    Z1-3     4.556    7.078    
  12.94   X2-1            7.540           15.112          Y2-1     9.774    16.213   Z2-1     6.758    14.339
  X2-2    7.401           15.065          Y2-2            9.325    17.054   Z2-2     6.756    14.812   
  X2-3    7.626           15.948          Y2-3            8.496    16.156   Z2-3     6.732    14.556   
  15.16   X3-1            9.763           24.015          Y3-1     11.822   25.316   Z3-1     8.116    22.271
  X3-2    9.837           23.238          Y3-2            11.184   24.323   Z3-2     7.936    22.047   
  X3-3    9.591           22.914          Y3-3            11.432   24.066   Z3-3     8.263    23.817   
  17.1    X4-1            12.115          34.021          Y4-1     14.006   34.043   Z4-1     10.573   31.815
  X4-2    11.861          33.755          Y4-2            13.528   34.027   Z4-2     10.318   32.726   
  X4-3    12.148          33.366          Y4-3            13.213   35.583   Z4-3     9.832    33.542   
  18.86   X5-1            14.220          44.377          Y5-1     15.481   47.335   Z5-1     11.788   42.815
  X5-2    13.952          45.231          Y5-2            15.356   46.512   Z5-2     12.213   43.942   
  X5-3    13.473          44.717          Y5-3            15.681   45.416   Z5-3     12.214   44.505   

3.2. Test Results and Analysis of the Anisotropic Coal Permeability {#sec3.2}
-------------------------------------------------------------------

The test results of the permeability of impacted coal samples under different gas pressures are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. *K~Xi~*, *K~Yi~*, and *K~Zi~* are the permeabilities in parallel to the bedding direction (*X* direction), perpendicular to the bedding direction (*Y* direction), and oblique 45° to the bedding direction (*Z* direction), and the subscript *i* = 0, 1, 2, 3, 4, and 5, where "0" is the raw coal sample and "1--5" are impacted coal samples from a smaller impact load to a larger impact load.

![Permeability change laws in different directions before and after the impact.](ao0c00269_0009){#fig7}

In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, the permeability of raw coal samples is very small and its magnitude is only several 10^--4^ mD. At the same time, the permeability shows its anisotropic characteristics in different directions. Coal samples in perpendicular to the bedding direction are more sensitive to gas pressure. The permeability in parallel to the bedding direction (*X* direction) is the largest, which is caused by the bedding plane in this direction, followed by that in oblique 45° to the bedding direction (*Z* direction), and the smallest in perpendicular to the bedding direction (*Y* direction). With an increase in gas inlet pressure, the permeability of coal samples decreases exponentially.

Obviously, the impact has a significant effect on the permeability of coal samples, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b--d. After the coal samples are impacted under five different impact loads (herein, it should be noted that the coal sample after the impact is not only not broken but also has no clearly visible cracks and transfixion cracks), the permeability increases in varying degrees in three different directions; however, with an increase in inlet gas pressure, the permeability change law of the impacted coal samples is different from that of raw coal samples, which increases exponentially, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b--d. The main reason is that in the low gas pressure stage the migration of gas molecules in coal pores will have the Klinkenberg slippage effect, which increases the flow momentum of gas and results in a rapid increase of permeability. When the pore pressure increases gradually, the Klinkenberg effect gradually weakens. At the same time, the effective stress on the coal body is gradually reduced.

It can be seen from [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b--d that under the same impact load the permeability is the highest in the direction of parallel to the bedding plane, the second is in the direction of oblique 45° to the bedding plane, and the lowest is in the direction of perpendicular to the bedding plane. Moreover, for any direction, the larger the impact load, the more obvious the influence on coal permeability. This is because the impact causes the natural micropores and microfractures to expand to a certain extent, and even new microfractures will be generated and micropores become macropores, which will increase the gas flow. Therefore, under different impact loads, the permeability in each direction is far greater than that of raw coal samples.

To compare and analyze the influence of different impact loads on coal permeability, the permeability ratios of impacted coal samples and raw coal samples in each direction are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. It can be seen from [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} that with an increase in inlet gas pressure the ratio of permeability conforms to the exponential growth under the same impact load in different directions. Also, the ratios of permeability indicate that they are rather  surprising  results. The permeability of impacted coal samples is thousands of times than that of raw coal samples under larger impact loads and is hundreds of times than that of raw coal samples under smaller impact loads. For example, when the inlet gas pressure is 3.0 MPa and the impulse is the maximum (18.86 kg·m/s), the ratio of permeabilities *K*~*X*5~ and *K*~*X*0~ is up to more than 4000, in parallel to the bedding direction; the ratio of permeabilities *K*~*Y*5~ and *K*~*Y*0~ is up to more than 2500 in perpendicular to the bedding direction; and the ratio of permeabilities *K*~*Z*5~ and *K*~*Z*0~ is up to more than 3000 in oblique 45° to the bedding direction. Obviously, the impact load plays a positive role in coal gas permeability improvement.

![Ratios of permeabilities of impacted coal samples and raw coal samples under different impact loads in different directions.](ao0c00269_0010){#fig8}

3.3. Anisotropic Coal Permeability Calculation Model {#sec3.3}
----------------------------------------------------

### 3.3.1. Permeability Calculation Model {#sec3.3.1}

Coal is orthotropic; that is, the *x*-axis and *y*-axis in the rectangular coordinate system are consistent with the direction of maximum and minimum permeabilities. Here, the *x*-axis and *y*-axis refer to the directions of parallel and perpendicular to the bedding plane, respectively, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. In the model, the permeabilities of coal seam gas in the directions of parallel and perpendicular to the bedding plane are *K~X~* and *K~Y~*, respectively. ∇*p*~*n*~ is the gas driving pressure gradient in the *n* direction, and the displacement effect of ∇*p*~*n*~ on coal seam gas can be equivalent to the component ∇*p*~*nx*~ in the *x* direction and the component ∇*p*~*ny*~ in the *y* direction, which is called the equivalent displacement principle.^[@ref29],[@ref30]^

![Anisotropic coal permeability calculation model.](ao0c00269_0011){#fig9}

In the process of anisotropic coal--rock permeability derivation, only considering the seepage velocity component parallel to the pressure gradient, and ignoring the seepage velocity component perpendicular to the pressure gradient, there will be great errors in the calculation results. Therefore, a numerical model is established that the seepage velocity is not parallel to the pressure gradient.^[@ref31]^ According to Darcy's law, the permeability can be expressed as [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} by seepage velocity, fluid viscosity, and the component of pressure gradient along the velocity direction at a certain position in the reservoir stratum.where *v* is the seepage velocity, μ is the fluid viscosity, θ is the included angle between the seepage velocity (*v*) and the pressure gradient (∇*p*~*n*~), α is the included angle between the seepage velocity (*v*) and the *x*-axis, and β is the included angle between the pressure gradient (∇*p*~*n*~) and the *x*-axis.

The cosine of the included angle (θ) between the seepage velocity (*v*) and the pressure gradient (∇*p*~*n*~) can be expressed asAccording to the equation of motion, the components of velocity *v*~*x*~ and *v*~*y*~ in *x* and *y* directions are as followsCombining [eqs [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}--[9](#eq9){ref-type="disp-formula"}, the permeability (*K*~*n*~) can be obtainedTherefore, if the permeabilities in parallel and perpendicular to the bedding direction (i.e., *K~X~* and *K~Y~*) are known, the permeability corresponding to any direction in the plane can be calculated by [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}.

### 3.3.2. Calculation and Analysis of the Permeability in Anisotropic Coal Seam {#sec3.3.2}

To verify the reliability of the calculation model, the measured permeability in oblique 45° to the bedding direction is compared with the calculated values under different impact loads, as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. It can be seen intuitively from [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} that under the condition of a certain gas pressure the calculated permeability values are in good agreement with the measured values in the direction of oblique 45° to the bedding plane. Also, the relative errors of permeability between the calculated values and the measured values are no more than 10%. Most of the errors are less than 5%; only a few are more than 5%. Therefore, if the permeability of the coal seam in parallel and perpendicular to the bedding direction can be measured, the permeability of the coal seam in any direction of this plane can be obtained by the model. The method is simple and easy to operate, and the results are fast and accurate.

![Permeability comparison between calculated values and measured values in oblique 45° to the bedding direction under different impact loads.](ao0c00269_0002){#fig10}

Under the determined gas pressure of the coal seam, *K~X~* and *K~Y~* can be obtained from [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and then the permeability (*K*~*n*~) can be calculated via [eq 10](#eq10){ref-type="disp-formula"} with different α angles. Therefore, the permeability distribution laws in different bedding directions before and after the impact are shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. It can be seen from [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} the permeability in the raw coal seam displays noncircular distribution under different gas pressures. The permeability in parallel to the bedding direction is the largest and then decreases to the minimum with an increase of α angle to 90°; that is, the permeability in perpendicular to the bedding direction is the smallest. In [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a, the permeability in the original coal seam is very small and decreases with an increase in gas pressure. In [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b--d, the permeability *K~X~* is much bigger than *K~Y~* under the same impact load, which causes the closer the angle is to 90° (*y* direction), the faster the decrease in the permeability (*K*~*n*~). At the same time, the larger the impact load, the bigger the permeability (*K*~*n*~), which indicates that when deep-hole blasting is carried out in the coal seam, the closer the coal seam to the blasting center, the better the effect of coal cracking and the bigger the permeability. On the contrary, the farther away the coal seam from the blasting center, the worse the effect of coal cracking and the smaller the permeability. This fully reveals that the permeability of coal seam after deep-hole blasting is not only anisotropic but also decreases gradually from near to far until the original coal seam permeability. That is to say, the permeability changes gradually from the blasting center to the original coal seam, which will provide basic data for gas predrainage analysis after coal seam blasting.

![Permeability in different directions under different impact loads and gas pressures.](ao0c00269_0003){#fig11}

4. Conclusions {#sec4}
==============

The dynamic impact mechanical properties of coal samples in different coring directions (parallel to the bedding direction, perpendicular to the bedding direction, and oblique 45° to the bedding direction) were tested by a self-developed vertical SHPB device under different impact loads. Then, the permeability of coal samples was measured under different inlet gas pressures. Finally, the calculation model of anisotropic coal permeability was established, and the permeability distribution law was calculated and analyzed. The main conclusions are as follows:(1)The permeability of raw coal samples in three directions decreases exponentially with an increase in gas pressure. However, the permeability of impacted coal samples in three directions increases exponentially with an increase in gas pressure under the same impact load, and in each bedding direction, the permeability increases exponentially with an increase in impact load under the same gas pressure.(2)Under the same bedding direction and gas pressure, the permeability of impacted coal samples is much larger than that of raw coal samples.(3)The calculated permeability values in oblique 45° to the bedding direction are very consistent with the measured values, and the relative errors are no more than 10%.(4)In anisotropic permeability of the coal seam, the permeability distribution laws are not noncircular, and the greater the impact load, the larger the permeability.

This study not only shows that the coal seam has anisotropic characteristics of the mechanical properties and gas permeability but also analyzes the distribution of permeability characteristics in each direction by measuring the permeability in perpendicular and parallel to the bedding direction, which will provide the basis for the layout of deep-hole blasting holes and the theoretical prediction of the gas predrainage effect.
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